INTRODUCTION {#SEC1}
============

Ewing sarcomas (ES) are aggressive tumors of bone and soft tissues mostly afflicting children and young adults ([@B1]). They are caused by chromosomal translocations that yield in-frame fusion proteins comprising the amino terminus of the Ewing sarcoma protein (EWS) fused to the carboxyl terminus of various ETS transcription factors. In 85% of the cases, EWS is fused to the Friend leukemia virus integration site 1 (FLI-1), less commonly to the ETS-related gene ERG, the ETS-variant gene 1 (ETV-1), the ETS variant gene 4 (ETV-4), and the fifth Ewing sarcoma variant (FEV) ([@B2]). EWS is a RNA and DNA binding protein that plays direct roles in splicing regulation and in the response to genotoxic stress ([@B3]--[@B6]), while FLI-1 is a member of the ETS family of transcription factors that binds GGAA-microsatellite elements embedded within promoter/enhancer regions of target genes ([@B7]). However, the EWS-FLI-1 fusion proteins resulting from chromosomal translocations are deregulated and trigger a specific oncogenic program that directs neoplastic transformation of ES cells ([@B8]).

A combination of surgery and radiotherapy, followed by chemotherapy, is still the only treatment for ES patients ([@B9]--[@B12]). Unfortunately, these treatments damage both normal cells and cancer cells, and in the long term have deleterious effects on tissues, resulting in learning difficulties, impaired hearing, vision and growth, as well as cardiovascular and respiratory problems in children affected by the disease. Moreover, most ES tumors relapse with distant metastatic disease following surgical resection ([@B13]), contributing to the poor prognosis of ES patients ([@B11]). Thus, alternative treatments and new markers for early diagnosis are urgently needed.

The PI3K/AKT/mTOR signaling pathway is often aberrantly activated in ES ([@B14],[@B15]). This pathway plays a central role in the regulation of cell growth in various human cancers ([@B16]--[@B19]). Mitogens activate PI3K and AKT, leading to activation of a complex formed by mTOR, mLST8 and Raptor (mTORC1) ([@B20]). In turn, mTORC1 integrates signaling evoked by nutrients and growth factors to regulate mRNA translation initiation ([@B17]). Activated mTORC1 phosphorylates S6K1 and the translation inhibitory protein 4E-BP1, causing its release from the translation initiation factor eIF-4E and promoting cap-dependent translation ([@B20]). Dysregulation of several components of this pathway, such as AKT, 4E-BP1, S6K1 and eIF-4G, is associated with poor survival in rhabdomyosarcoma, a pediatric sarcoma of soft tissues displaying very similar histology and therapeutic treatment with ES ([@B21]). Moreover, IGF-IR signaling is commonly activated in musculoskeletal sarcomas, including ES, osteosarcoma and rhabdomyosarcoma, and leads to aberrant activation of both the PI3K/AKT/mTOR and MAPK signaling cascades ([@B22]). Thus, given its implication in cancer cell proliferation, the PI3K/AKT/mTOR pathway is generally considered a suitable therapeutic target for ES as well as for other human cancers ([@B23]). However, although the mTOR inhibitor rapamycin and its derivatives are currently being evaluated in clinical trials ([@B24],[@B25]), resistance to these drugs is frequently observed and involves, at least in part, cross-talk with IGF-IR signaling and PI3K/AKT activation ([@B26]). Some patients treated with rapamycin analogues showed an increase in AKT phosphorylation/activation in tumor cells and this effect is thought to underlie the limited clinical progress of these drugs ([@B27]). Dual inhibition of both PI3K and mTOR catalytic activity has been proposed to counteract acquired resistance to mTOR inhibitors ([@B28]--[@B30]) and might represent a valuable therapeutic strategy also for the treatment of ES and other sarcomas.

Elucidation of the gene expression changes occurring in response to therapeutic treatments of ES cells could uncover promising candidates for diagnostic and therapeutic applications. Alternative splicing (AS) of pre-mRNAs represents an important layer of gene expression that is often altered in human cancer cells ([@B31]). AS allows production of multiple mRNA isoforms from a single gene, thus amplifying proteomic and functional diversity in metazoans. Splicing insures removal of non-coding sequences (introns) from the pre-mRNA and ligation of the exons ([@B32]). This process is driven by the spliceosome, a large macromolecular complex composed of five small nuclear ribonucleoproteins (snRNPs) and over 200 auxiliary proteins ([@B32]). Additional regulatory factors modulate splice site recognition, including RNA-binding proteins (RBPs) that are recruited to specific sequence elements present in exons or in introns ([@B33]--[@B35]). Interestingly, AS often regulates subsets of genes that are not co-regulated at the transcriptional level ([@B36]), like several apoptotic genes (*BCL2L1, APAF1* and *FAS*), genes involved in cell adhesion (i.e. fibronectin) and genes involved in cell metabolism, like *PKM1*, yielding splice variants that display different functions ([@B31],[@B37]--[@B39]).

In this study, we analyzed the modulation of the ES cell transcriptome in response to dual inhibition of PI3K and mTOR kinases. Splicing-sensitive exon junction microarray analysis identified the gene expression network regulated both at transcriptional and post-transcriptional levels. Notably, the RBP hnRNPM was strongly up-regulated both at mRNA and protein level upon inhibition of the PI3K/AKT/mTOR pathway, thus driving a specific co-transcriptional program. Impairment of hnRNPM activation by RNA interference abolished the hnRNPM-induced splicing program. Moreover, up-regulation of hnRNPM correlated with poor prognosis in sarcoma patients and its knockdown in ES cells significantly reduced clonogenicity. These findings suggest that hnRNPM expression is a valuable prognostic factor in ES and that inhibition of its activity could represent a suitable therapeutic target to increase susceptibility of ES cells to treatment with PI3K/AKT/mTOR inhibitors.

MATERIALS AND METHODS {#SEC2}
=====================

Cell cultures, transfections and extract preparation {#SEC2-1}
----------------------------------------------------

Human TC71, LAP35 and SK-N-MC cells were maintained in Iscove\'s modified Dulbecco\'s medium (IMDM, GIBCO), supplemented with 10% fetal bovine serum. Transfection of TC71 cell line was performed using RNAimax reagent (Invitrogen) according to manufacter\'s instructions. TC71 cell line was trasfected with control siRNA (Sigma Aldrich) and siRNA for hnRNPM (SantaCruz Biotechnology) at the final concentration of 30 nM. BEZ235 was purchased from EMD Chemical Inc./Calbiochem. Inhibitors were dissolved in dimethyl sulfoxide and aliquots were stored at -20°C. Stock solutions were diluted to the final concentrations in growth medium just before use. At the end of the incubation, cells were washed twice with ice-cold phosphate buffered saline (PBS), resuspended in RIPA lysis buffer \[150 mM NaCl, 50 mM Tris--HCl pH 7.5, 2 mM EDTA, 0,1% in sodium dodecyl sulfate (SDS), 0,5% sodium deoxycolate, 1 mM dithiothreitol, 0,5 mM Na-ortovanadate, 10 mM B-glycerolphosphate, 10 mM sodium fluoride, 1% NP-40 and Protease-Inhibitor Cocktail (Sigma-Aldrich)\] and kept on ice for 10 min. Soluble protein extracts were separated by centrifugation at 12 000 rpm for 10 min and diluted in sodium dodecyl sulfate (SDS) sample buffer.

Cell culture and *in vitro* treatments {#SEC2-2}
--------------------------------------

TC71 cells were plated into in 60 mm dishes in Iscove\'s modified Dulbecco\'s medium plus 10% fetal bovine serum. After 24 h, various concentrations of BEZ235 (30 nM to 3 μM), wortmannin (10 μM) and LY (10 μM) were added and cells were exposed up to 16 h. Cells were also treated with DMSO-containing medium as a control.

Human Affymetrix Exon-Junction Arrays {#SEC2-3}
-------------------------------------

RNA from three biological replicates of control or BEZ235 treated TC71 cells was isolated and DNase digested using Quiagen RNeasy kit. Its quality was determined by RNA integrity (RIN) number analysis using Bioanalyzer, and samples with a RIN \> 9.5 were used following the Affymetrix labelling procedure. Total RNA was then hybridized to Human Affymetrix Exon-Junction Array (HTA2). Detailed description can be found in the [Supplemental Information](#sup1){ref-type="supplementary-material"}. Results are considered statistically significant for uncorrected *P*-values ≤0.05 and fold-changes ≥1.5.

Bioinformatic analysis {#SEC2-4}
----------------------

Analysis of consensus motifs enriched in introns surrounding regulated exons was performed as previously described ([@B40]). The first 9 and last 30 nucleotides, which contain the conserved 3′ and 5′ splice sites, were excluded from the analysis. 432 'simple exon' were selected from the originally identified 577 cassette exons by excluding the 'multiple exons'. Four groups of sequences were generated, containing: group 1, first 241 nt of upstream introns; group 2, last 220 nt of upstream introns; group 3, first 241 nt of downstream introns; group 4, last 220 nucleotides of downstream introns. Next, pentamer enrichment analysis was performed for each set to obtain the observed number of pentamers within intron sequences, and then computing pentamer number according to a first order Markov model.

Pentamer enrichment was calculated using the binomial distribution and all *P*-values were subjected to a false discovery rate (Benjamini--Hochberg, FDR \> 0.05). To assess conservation, UCSC 46-way multiple alignments was used to detect conserved pentamers within six mammalian genomes, mouse, human, dog, marmoset, horse and cow (*m4, hg19, canFam2, calJac1, equCab2* and *bosTau4*, respectively). A pentamer with at least five times sequence coverage was considered as *conserved*. A conservation rate was calculated as fraction of aligned and conserved pentamer occurrences.

Functional gene annotation clustering for BEZ235 predicted regulated genes was performed by using DAVID Bioinformatic Database (<https://david.ncifcrf.gov/summary.jsp>).

CLIP assays {#SEC2-5}
-----------

CLIP assays were performed as previously described ([@B5]). In brief, TC71 cells were irradiated once with 400 mJ/cm^2^ in a Stratalinker 2400 at 254 nm. Detailed description can be found in the [Supplemental Information](#sup1){ref-type="supplementary-material"}.

RESULTS {#SEC3}
=======

BEZ235 efficiently affects growth of Ewing sarcoma cells {#SEC3-1}
--------------------------------------------------------

To investigate the transcriptional response of ES cells to inhibition of the PI3K/AKT/mTOR pathway, we tested the activity of three PI3K inhibitors in the TC71 cell line: the commonly used wortmannin and LY294002, and BEZ235, a synthetic imidazoquinoline targeting both PI3K and mTOR kinase activity by competing with their ATP-binding site ([@B41]). The TC71 cell line was established from a 22-year-old man with metastatic ES that arose in the humerus; it was derived from a biopsy of recurrent tumor at the primary site and it carries the characteristic chromosomal translocation t(11;22)(q24;q12) leading EWS-FLI-1 fusion. Since this translocation has the highest frequency in ES ([@B2]), TC71 cells were chosen as model for this study. Western blot analyses of the phosphorylation status of AKT (phAKT) and of the mTORC1 target 4E-BP1 (slow mobility bands) indicated that BEZ235 was the most effective inhibitor of the pathway ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Accordingly, BEZ235 was also the most potent inhibitor of the clonogenic activity of ES cells ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Importantly, the cytostatic activity of BEZ235 was not due to induction of cell death, as measured by propidium iodide (PI) staining and flow cytometry, whereas wortmannin treatment strongly induced apoptosis ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). A dose-response experiment indicated that BEZ235 significantly reduced TC71 cell clonogenic potential at 30 nM, and almost completely abolished it at 300 nM and 3 μM (Figure [1A](#F1){ref-type="fig"}). PI staining showed that viability was only slightly affected by the treatment with 30 and 300 nM of BEZ235, while 3 μM BEZ235 elicited strong cytotoxic effects (Figure [1B](#F1){ref-type="fig"}). Moreover, western blot analysis showed that PARP cleavage occurred only at highest concentration of the drug (Figure [1C](#F1){ref-type="fig"}). We concluded that 300 nM BEZ235 elicits cytostatic effects and mild or no apoptotic effect. To monitor the effect of BEZ235 on cell cycle progression, we performed a BrdU pulse in the last 30 min of treatment with 300 nM BEZ235, or the vehicle DMSO alone, for 16 h. BEZ235 induced a significant increase in G1-phase (41% versus 64%) cells and reduction in S-phase (43% versus 20%) cells (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). Collectively, these experiments indicate that BEZ235 is the most suitable drug for analysis of the transcriptional response of ES cells to inhibition of the PI3K/AKT/mTOR pathway in the absence of secondary cytotoxic effects.

![BEZ235 affects Ewing sarcoma cell growth. (**A**) Colony assay carried out on TC71 cells upon treatment with different concentration of BEZ235 (30 nM, 300 nM, 3 μM). Histograms represent percentage of colony numbers (*n* = 3; mean ± S.D.). Statistical analysis was performed by Student\'s *t*-test: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 for DMSO versus BEZ235 treatment. (**B**) Propidium Iodide (PI) viability assay; the decrease in viability was expressed as relative percentage of dead cells in treated versus control cells. Statistical analysis was performed by Student\'s *t*-test: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 for DMSO versus BEZ235 treatment. (**C**) Western blot analysis of TC71 cells after treatment with different doses of BEZ235 (30 nM, 300 nM, 3 μM). The un-cleaved and cleaved form of PARP-1 protein were detected; β-actin was used as loading control. (**D** and **E**) Cell cycle analysis of TC71 treated with 300 nM of BEZ235 performed by BrdU and PI staining. On the left D), representative images of cytofluorimetric plots. On the right E), histograms represent the percentage of cells in different stages of the cell cycle (sub-G1, S, G1 and G2/M) (mean ± S.D.). The experiments were performed at least three times; statistical analysis was performed by unpaired Student\'s *t*-test (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \<0.001).](gkx831fig1){#F1}

Inhibition of the PI3K/AKT/mTOR pathway leads to global changes in the transcriptome of Ewing sarcoma cells {#SEC3-2}
-----------------------------------------------------------------------------------------------------------

To depict the genome-wide picture of transcriptional and post-transcriptional changes in gene expression induced by inhibition of the PI3K/AKT/mTOR pathway, we treated TC71 cells with 300 nM BEZ235 for 16 h, a concentration sufficient to inhibit cell growth without inducing cell death (Figure [1](#F1){ref-type="fig"}). Under these conditions, AKT, rpS6, 4E-BP1 and mTOR phosphorylation was almost completely inhibited (Figure [2A](#F2){ref-type="fig"}). RNA from three biological replicates of control (DMSO) or BEZ235-treated cells was hybridized with Affymetrix Human Exon Junction Arrays (HTA2). Bioinformatics analyses highlighted extensive reprogramming of the TC71 transcriptome upon inhibition of the PI3K/AKT/mTOR pathway (Figure [2B](#F2){ref-type="fig"}), with 3541 genes that were modulated at the expression level (1501 upregulated and 2040 downregulated, average fold change of \|2.1\|; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Gene ontology (GO) analysis revealed functional categories related to cell cycle (fold enrichment 3.4, *P* value = 2.90E--12), cancer (fold enrichment 2, *P* value = 2.20E--2) and p53 signaling pathways (fold enrichment 3.7, *P* value = 3.60E--8) being enriched in the down-regulated genes ([Supplementary Figure S2A and B](#sup1){ref-type="supplementary-material"}), whereas spliceosome, non-homologous end-joining and metabolic categories were enriched among the up-regulated genes (1.9-fold enrichment, *P* value = 2.20E--2; [Supplementary Figure S2A and B](#sup1){ref-type="supplementary-material"}). This result suggested a specific activation of splicing as feedback response of ES cells to PI3K/AKT/mTOR inhibition.

![Inhibition of the PI3K/AKT/mTOR pathway leads to global changes in the transcriptome of ES cells. (**A**) Western blot analysis of ph-mTOR, mTOR, ph-AKT, AKT, ph-rpS6, rpS6 and 4E-BP1 to evaluate the activity of PI3K/AKT/mTOR pathway. β-ACTIN was used as loading control. (**B**) Schematic representation of HTA2 Hybridization Array experiment. Table summarizes changes of gene expression between TC71 cells treated with DMSO and BEZ235. (**C**) Venn Diagrams show genes regulated at the expression level, splicing, or both upon BEZ235 treatment. (**D**) Gene ontology functional annotation clustering of GO terms regulated at splicing levels by BEZ235 treatment. Histograms represent the overall enrichment score for the group based on the EASE score (a modified Fisher Exact *P*-value), set to 0.05 for each term. The higher, the more enriched. The Group Enrichment Score is used to rank the biological significance of each term. Terms are listed for enrichment score ≥1.5. In red is reported the *P*-value and in black the fold enrichment for each GO term. (**E**) Pie charts show the comparison of type of alternative splicing event in BEZ235 treated cells (left) versus the array design (right). For the statistical analysis see [Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}.](gkx831fig2){#F2}

In keeping with this observation, we identified 1440 differentially regulated AS events in 918 genes (Figure [2C](#F2){ref-type="fig"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Remarkably, there was a highly significant overlap (*P* = 7.29E--27) between genes affected at gene expression and splicing level (391, 42.6%; Figure [2C](#F2){ref-type="fig"}). GO analysis revealed that splicing regulated genes are involved in cell-cell interactions, splicing, protein metabolism and cancer-related signaling pathways (Figure [2D](#F2){ref-type="fig"}). BEZ235 treatment exerted a significantly higher impact on cassette exon events (577 regulated exon cassette events; *P* = 5.74E−128) in comparison with what expected from the array design (Figure [2E](#F2){ref-type="fig"}, [Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). Sixteen randomly selected AS events were validated by RT-PCR analysis (i.e. cassette exons in *BPTF, SPTAN1, NFAT5, SETD4, PAX6, NFYC, CASP2, SRRM1, BCLAF1, ZDHHC16, NUMB, HNRNPA2B1, AKAP13* and *SH3BGRL* genes and the alternative terminal exon in *CFLAR* gene; Figure [3](#F3){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Furthermore, choice of mutually exclusive exons in *FYN* was also validated by quantitative RT-PCR (qPCR; Figure [3](#F3){ref-type="fig"}). These results confirm the reliability of the array and bioinformatics analyses and uncover an extensive splicing program set in motion by PI3K/AKT/mTOR pathway inhibition in ES cells.

![Validation of splicing events regulated by BEZ235 treatment. Representative images of RT-PCR analyses for the indicated alternative splicing events differentially regulated between DMSO and BEZ235 300 nM 16h-treatment. See also [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}. RT-PCR of exon cassette events (in red in the scheme) affected by 300 nM BEZ235 treatment. RT-PCR was performed using primers in constitutive exons (in gray in the scheme) of *BPTF, SPTAN1, NFAT5, SETD4, PAX6, NFYC, CASP2* and *BCLAF1* genes. For each event, representative gel images, scheme of the regulated event and densitometric analysis of at least three experiments were reported. For each experiment DNAse digestion and no-RT control have been performed. The graphs show the densitometric analysis of the ratio between isoforms with included and skipped exons (mean ± S.D.). Mutually exclusive exons in *FYN* pre-mRNA were validated by quantitative (q)-PCR. The graph shows the ratio between fold enrichment of exon 9A and 9 in BEZ235 vs DMSO treated cells (mean ± S.D.). Statistical analysis was performed by Student\'s *t*-test student (\**P* \<0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001).](gkx831fig3){#F3}

Identification of consensus motifs enriched in exons regulated by the PI3K/AKT/mTOR pathway in Ewing sarcoma cells {#SEC3-3}
------------------------------------------------------------------------------------------------------------------

Regulation of AS is generally achieved by the interaction of trans-acting proteins with *cis*-acting sequences ([@B42]). Regulatory sequences can be located both in exons and flanking introns, and are classified as enhancers or silencers if they promote or repress, respectively, exon recognition ([@B42]--[@B44]). Generally, enhancer sequences are recognized by members of the Serine-Arginine (SR) protein family, while the heterogeneous ribonucleoproteins (hnRNPs) interact with splicing silencers ([@B43]). The combinatorial control achieved by these splicing factors with the multiple regulatory cis-acting elements allows extreme accuracy and flexibility of AS regulation ([@B42],[@B45],[@B46]). To investigate the specific splicing signature elicited by BEZ235 treatment, we isolated 432 regulated cassette exons and searched for consensus motifs enriched in the intronic sequences surrounding the regulated exons. The first 9 and last 30 nucleotides, which contain the conserved 3′ and 5′ splice sites, were excluded from the analysis. Four groups of sequences were generated (Figure [4A](#F4){ref-type="fig"}), containing: group 1, first 241 nt of upstream introns; group 2, last 220 nt of upstream introns; group 3, first 241 nt of downstream introns; group 4, last 220 nucleotides of downstream introns. Pentamer enrichment analysis was performed within intron sequences and then computed according to a first order Markov model. Moreover, the conservation rate was calculated as fraction of aligned and conserved pentamer occurences (see Materials and Methods for details). We identified 35 significantly enriched pentamers in the first group, 21 in the second group, 27 in the third group and 31 in the fourth group (*P*-value \< 0.05; [Supplementary Figure S4A, Table S3](#sup1){ref-type="supplementary-material"}). Moreover, we found 18 conserved pentamers in the first group, 10 in the second, 198 in the third and 18 in the fourth group (CR\<0.3; [Supplementary Figure S4B, Table S4](#sup1){ref-type="supplementary-material"}). The same analysis was performed for exonic sequences, dividing them in two groups, one for the first 250 nt and the second for the last 250 nt. We identified 18 enriched pentamers in the first group and 30 in the second group (*P*-value \< 0.05; [Supplementary Figure S4C; Table S5](#sup1){ref-type="supplementary-material"}). Moreover, we found 54 conserved pentamers in the first group and 52 in the second (CR \< 0.3 ([Supplementary Figure S4D; Table S6](#sup1){ref-type="supplementary-material"}). This analysis identified hnRNPK consensus motif as the most significantly enriched in each group of the BEZ235-regulated cassette exons (Figure [4A](#F4){ref-type="fig"}). Notably, motifs for hnRNPK, SRSF2 and SAM68 were enriched in all exon and intron sequences analyzed, whereas hnRNPM and hnRNPC1 motifs were enriched specifically in all groups of intronic sequences (Figure [4A](#F4){ref-type="fig"}).

![Specific *cis*-Acting Elements feature BEZ235 signature. (**A**) Schematic representation of predicted RBPs binding *cis*-acting elements surrounding the regulated cassette exons. Regions were subdivided in first 241 nt (Group1) and last 220 nt (Group 2) of upstream introns, first 241 nt (Group 3) and last 220 nucleotides (Group 4) of downstream introns. The scheme also reports pentamer enrichments in the first and last 250 nucleotides within regulated exons. For the conserved and enriched pentamers see also [Supplementary Figure S4 and Tables S3--S6](#sup1){ref-type="supplementary-material"}. (**B**) Expression profile of the potential regulators (RBPs) of cis-acting elements in (A) from the array analysis. Bar graphs represent gene expression fold changes versus DMSO. In red are represented RBPs upregulated at least 1.5 versus DMSO. In green are represented RBPs downregulated at least 1.5 versus DMSO. See also [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}.](gkx831fig4){#F4}

Next, we searched for RBPs whose expression was modulated upon BEZ235 treatment. *HNRNPM* transcript was strongly upregulated, whereas *SRSF1, SRSF2, SRSF3* and *SRSF6* mRNAs were induced at lower levels and *SRSF14* was downregulated (Figure [4B](#F4){ref-type="fig"}, [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). We also found that transcripts encoding several helicases were affected by the treatment; in particular, *DDX1, DDX17, DDX23, DDX46* and *DHX9* genes were up-regulated upon inhibition of the PI3K/AKT/mTOR pathway ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). In the case of *DHX9* the up-regulation of the transcript is likely due, at least in part, to the significant down-regulation of the alternative exon 6A (Fold Change 3.12; *P*-value 1.10E--03; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}), that drives the *DHX9* transcript to nonsense mediated RNA decay ([@B47]). Importantly, changes in *SRSF1, SRSF2, HNRNPM, FUS* and *DHX9* expression were all validated by qPCR analysis (Figures [4B](#F4){ref-type="fig"}, [5A](#F5){ref-type="fig"} and [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). *QKI*, which was not affected in the array prediction, was used as negative control of the treatment.

![hnRNPM upregulation upon BEZ235 treatment and interaction with U170K in the Triton soluble nuclear fraction. (**A**) RT-qPCR analysis of *HNRNPM* in TC71 Ewing sarcoma cells after 16-h treatment with 300 nM BEZ235 or the vehicle alone. Histograms represent *HNRNPM* expression (mean ± S.D.) in three independent experiments. Statistical analysis was performed by Student\'s *t*-test (\*\**P* \<0.01). (**B**) Western blot analysis of hnRNPM in TC71 cells treated for 16 h with either DMSO or BEZ235 300 nM. β-Actin was used as loading control. Histograms represent densitometric analysis of hnRNPM expression (mean ± S.D.). HnRNPM is represented by a group of four different protein isoforms arising from the same gene *locus*, known as hnRNP M1, M2, M3 and M4 ([@B64]). The upper band corresponds to hnRNP M3 and M4, while the lower band corresponds to hnRNP M1 and M2. (**C**) Cytosolic (Cyto), nuclear soluble (Nucl) and nuclear insoluble chromatin-associated (Chr) fractions (obtained as previously reported ([@B72])) of TC71 cells were analysed upon BEZ235 treatment by western blot, using antibodies against hnRNPM and the indicated splicing factors. Histone H3 and β-Tubulin were evaluated, respectively, as nuclear chromatin associated fraction and cytosolic markers. Western blot analysis of hnRNPM, hnRNPC1/C2, U2AF65, U1C, U170K, MATRIN3 and hnRNPK from the sub-cellular fractionation of TC71 treated with DMSO and 300 nM BEZ235 for 16 h. Histograms show the percentage of hnRNPM, hnRNPC1/C2, U1C and U2AF65 co-sedimenting in each fraction (mean ± S.D.). The experiments were performed at least three times; statistical analysis was performed by Student\'s *t*-test (\**P* \<0.05). (**D**) Western blot analysis of U170K and hnRNPM after immunoprecipitation (IP) of endogenous proteins from TC71 nuclear extracts with anti-U170K or control rabbit IgGs. On the right, bars represent the percentage of input of hnRNPM associated to U170K in control (DMSO) or BEZ235 immunoprecipitates. The experiments were performed at least three times; statistical analysis was performed by Student\'s *t*-test (\*\**P* \<0.01).](gkx831fig5){#F5}

hnRNPM expression and subnuclear localization are regulated by inhibition of the PI3K/AKT/mTOR pathway {#SEC3-4}
------------------------------------------------------------------------------------------------------

HnRNPM was the most up-regulated RBP mRNA by BEZ235 treatment (Figure [4B](#F4){ref-type="fig"}) and this increase resulted in concomitant up-regulation of the protein (Figure [5B](#F5){ref-type="fig"}). Cell fractionation analyses revealed that the majority of hnRNPM protein was associated with chromatin and other high-molecular-weight (HMW) material, with less than 35% of the protein present in the soluble nuclear fraction where spliceosomal proteins were found (i.e. U1C, U2AF65 and U170K; Figure [5C](#F5){ref-type="fig"}). However, treatment with BEZ235 augmented the fraction of hnRNPM protein co-sedimenting with U1C, U170K and U2AF65 in the soluble nucleoplasm (∼60%), consistent with its engagement in spliceosomal activity. This shift in subnuclear localization was not a general feature of splicing factors. Indeed, while hnRNP C1/C2 was also significantly translocated in the nucleoplasm (from ∼10% of DMSO treated cells to ∼40% in BEZ235 condition), MATRIN3 and hnRNPK localization, like that of U1C, U170K and UAF65, was predominantly nucleoplasmic and not affected by the treatment, (Figure [5C](#F5){ref-type="fig"}). Furthermore, we found that co-immunoprecipitation of hnRNPM with the spliceosomal protein U170K, a core component of the U1 snRNP, was robustly increased upon BEZ235 treatment (2.5 times; Figure [5D](#F5){ref-type="fig"}). These findings indicate that inhibition of the PI3K/AKT/mTOR pathway in ES cells promotes expression and functional recruitment of hnRNPM to the splicing machinery, thus possibly affecting the splicing response to this stress.

hnRNPM regulates a subset of the PI3K/AKT/mTOR-sensitive splicing events in ES cells {#SEC3-5}
------------------------------------------------------------------------------------

Among the 14 putative hnRNPM consensus motifs previously identified by CLIP-seq experiments ([@B48]), only UGUGU displayed a significant enrichment in both distal (groups 1 and 4) and proximal (groups 2 and 3) intronic sequences flanking the BEZ235-regulated exons (Figure [4A](#F4){ref-type="fig"}; [Supplementary Tables S3 and S7](#sup1){ref-type="supplementary-material"}). To test if these exons were regulated by hnRNPM, we silenced it by RNA interference (RNAi) in TC71 cells (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}) and monitored the outcome on AS of randomly chosen regulated exons (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). Remarkably, the influence on BEZ235-induced AS depended on the position of the hnRNPM binding site. Cassette exons containing proximal hnRNPM consensus motifs (last 220 nt upstream or first 241 nt downstream; group 2 and 3 introns) were completely reverted by hnRNPM silencing (Figure [6C](#F6){ref-type="fig"}). In all cases tested, hnRNPM promoted skipping of the target exon, regardless of whether its binding site was upstream, within or downstream of the exon. Moreover, comparison of all up- and down-regulated exons between groups 2 and 3 revealed no significant difference in regulation (Fisher\'s test *P* = 0.75; 63 up- and 64 down-regulated exons in group 2 and 62 up- and 84 down-regulated exons in group 3). On the contrary, cassette exons flanked by distal intronic consensus motifs (first 241 nt upstream or last 220 nt downstream; group 1 and 4) were not affected by hnRNPM knockdown (Figure [6D](#F6){ref-type="fig"}). To test whether intron length was a determinant in hnRNPM regulation, introns were classified in four group: \<1000 bp; between 1000 and 5000 bp; between 5000 and 10 000 bp; ≥10 000 bp). We found that hnRNPM regulated exons are preferentially flanked by relatively short introns (\<5000 bp in all four groups). However, no substantial difference in intron length was found between groups 1--4 and 2--3, suggesting that the splicing effect of hnRNPM requires proximal binding to the exon regardless of the length of surrounding introns ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). These results suggest a positional effect of hnRNPM on splicing regulation that requires its binding proximal to the exon, regardless of the length of surrounding introns.

![hnRNPM regulates BEZ235 splicing signature. (**A**) Western Blot analysis of hnRNPM in TC71 cells transfected with either scrambled or siHNRNPM oligonucleotides, treated with DMSO or BEZ235 300 nM for 16 h. β-Actin was used as loading control. (**B**) Histograms represent the relative protein level for scrambled (gray bars) or siHNRNPM (red bars) normalized to β-actin from three independent experiments. Statistical analysis was performed by Student\'s *t-*test (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; versus scrambled DMSO; ^\$\$^*P* \< 0.01 versus scrambled BEZ235). (**C** and **D**) RT-PCR of BEZ235-induced exon cassette events containing intronic hnRNPM consensus motif upstream (Groups 1 and 2) or downstream (Groups 3 and 4) the regulated exon. RT-PCR analysis was performed with RNA extracted from TC71 cells transfected with either scrambled or siHNRNPM oligonucleotides, and treated with DMSO or BEZ235 300 nM for 16 h. Below each lane of the agarose gel, it is reported the densitometric analysis of the ratio between isoforms related to included and skipped exons (mean ± S.D.). The experiments were performed at least three times, statistical analysis was performed by Student\'s *t-*test (*P* \<0.05 \*; *P* \<0.01 \*\*). See also [Supplementary Figure S6 and Table S7](#sup1){ref-type="supplementary-material"}. **E)** CLIP assay of hnRNPM binding to the predicted target pre-mRNAs. TC71 ES cells were UV-crosslinked and immunoprecipitated with control IgGs or anti-hnRNPM IgGs. The upper panels show a schematic representation of *PAX6, SETD4* and *SPTAN1* splicing events and primers (black arrows) used in the assay. M+ and M-- represent amplicons either containing or not hnRNPM consensus motif. The bar graph shows qPCR signals amplified from the CLIP assays expressed as percentage of amplification in the input RNA. IgGs are represented in black, hnRNPM in red. (**F**) CLIP assay of hnRNPM binding to the predicted target pre-mRNAs as in D, performed with TC71 treated either with DMSO or BEZ235 300 nM for 16h, before UV-crosslinking and immunoprecipitation. The bar graph shows qPCR signals amplified from the CLIP assays expressed as percentage of amplification of the input RNA, expressed as BEZ235 (blue bars) fold increase versus DMSO (red bars).](gkx831fig6){#F6}

To validate whether the effect of hnRNPM on splicing was due to direct binding near the exon, we performed cross-linked and immunoprecipitation experiments (CLIP). In line with the hypothesis, we detected direct *in vivo* binding of hnRNPM to the predicted regions of regulated exons, while regions randomly chosen nearby cross-link sites were not bound (Figure [6E](#F6){ref-type="fig"}). Importantly, binding of hnRNPM to *PAX6, SPTAN1, SETD4* pre-mRNAs (groups 2 and 3) was increased upon BEZ235 treatment, while that to group 1 *NFAT5* pre-mRNA was decreased (Figure [6F](#F6){ref-type="fig"}). This results indicate a direct effect of hnRNPM on splicing of target exons.

Some of the BEZ235-dependent hnRNPM-regulated events were also identified by other laboratories using iCLIP and RNAseq experiments ([@B48]--[@B50]). Although these datasets were obtained from completely different tissues, like brain ([@B49]) and breast cancer ([@B48]), several genes containing regulated exons seem to be conserved (26 out of 213 in one case and 5 in the second case). Likewise, only 25 genes are conserved between the two datasets (48--50; [Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). Thus, hnRNPM splicing regulation appears to be context-dependent.

These experiments demonstrate that modulation of hnRNPM expression contributes to the molecular response of ES cells to inhibition of the PI3K/AKT/mTOR pathway.

hnRNPM expression is associated with malignancy of ES cells {#SEC3-6}
-----------------------------------------------------------

Gene ontology analysis revealed that hnRNPM regulated genes were involved in p53, FoxO and MAPK signaling pathways, spliceosome and cellular junctions ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). Since all these functional categories are highly relevant to human cancer, we asked whether the expression levels of hnRNPM affect the sensitivity of ES cells to inhibition of the PI3K/AKT/mTOR pathway. To this end, we used ES cell lines displaying the same (type 2, LAP-35 and TC71) or different (type 1, SKNMC) EWS-FLI-1 chromosomal translocation. HnRNPM is significantly more expressed in LAP35 and TC71 cells than in SKNMC cells (Figure [7A](#F7){ref-type="fig"}) and its higher expression correlated with higher resistance to BEZ235 treatment (Figure [7B](#F7){ref-type="fig"}). Moreover, clonogenic assays revealed a significant increase in percentage of LAP35 and TC71 clones in comparison with SKNMC cells upon treatment with 10 nM BEZ235. At a concentration of 30 nM of the drug, TC71 cells were significantly more prone to proliferate and form clones in comparison with the other cell lines (Figure [7C](#F7){ref-type="fig"}). These experiments suggest that increased expression of hnRNPM promotes resistance of ES cells to inhibition of the PI3K/AKT/mTOR pathway. In line with this hypothesis, hnRNPM depletion significantly increased the sensitivity of ES cells to BEZ235 (Figure [7D](#F7){ref-type="fig"} and [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}).

![hnRNPM expression is associated with aggressiveness of Ewing sarcoma cells. (**A**) Western Blot analysis of hnRNPM expression in ES cell lines harbouring type 1 (SKMNC, blue bar) and type 2 (LAP35 (cyan bar), TC71 (red bar)) EWS-FLI1 chromosomal translocation. GAPDH was used as loading control. Histogram shows the densitometric analysis of hnRNPM expression (means ± S.D.). Statistical analysis was performed by Student\'s *t-*test (\**P* \<0.05; \*\**P* \<0.01). (**B**) Histograms show the percentage of Trypan Blue positive cells upon treatment with different doses of BEZ235 for 16 h (means ± S.D.). Statistical analysis was performed by Student\'s *t-*test (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). (**C**) Clonogenic assays of SKNMC (blue bars), LAP35 (cyan bars) and TC71 (red bars) Ewing sarcoma cells upon treatment with different doses of BEZ235 or the vehicle alone. Statistical analysis was performed by Student\'s *t-*test (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). (**D**) Histograms show the percentage of Trypan Blue positive cells upon treatment of scrambled (blue bars) or siHNRNPM (red bars) TC71 cells with 300 nM BEZ235 for 16, 24 and 48 h (means ± S.D.). Statistical analysis was performed by Student\'s *t-*test (\**P* \< 0.05; \*\**P* \< 0.01). (**E**) Kaplan--Meier curve of survival rate of sarcoma patients analyzed for hnRNPM expression in The Cancer Genome Atlas (TGCA). The gray line shows the survival rate of patients with no alteration of hnRNPM expression, the red line shows patients with high expression of hnRNPM (*Z*-score ≥ 0.5), blue line shows patients with low expression of hnRNPM. For the two curves, *P*-values versus patients with no-alteration in hnRNPM expression are indicated. (**F**) Model of the accomplishment of a specific splicing program driven by hnRNPM up-regulation upon inhibition of PI3K/AKT/mTOR pathway in Ewing sarcoma cells.](gkx831fig7){#F7}

These findings prompted us to query the possible correlation between hnRNPM expression and malignancy by assaying a panel of 260 sarcoma patients from The Cancer Genome Atlas (TCGA). Patients were selected depending on hnRNPM expression levels based on *Z*-score (comparison across all patients). We assayed the data using the threshold \|*Z*-score\| ≥ 0.5. We identified 159 cases with alteration, and considered patients with hnRNPM *Z*-score ≥0.5 as up-regulated and genes with *Z*-score ≤0.5 as down-regulated. Kaplan--Meier curves were performed separating patients displaying up-regulation from down-regulation or no alteration in hnRNPM expression. Notably, we found a statistically significant decrease in the overall survival (*P*-value = 1.17E--03) in patients displaying up-regulation of hnRNPM with respect to those characterized by no alteration, while no significant differences were observed in patients with down-regulation of hnRNPM expression (Figure [7E](#F7){ref-type="fig"}). These results indicate that high hnRNPM expression levels represent a critical prognostic factor for ES malignancy, predicting shorter overall survival of patients.

DISCUSSION {#SEC4}
==========

Dysregulation of AS contributes to the pathogenesis of cancer and splice variants expressed by cancer cells can be used to stratify patients according to tumor stage and metastatic potential ([@B31],[@B51]). Moreover, splicing regulation and the spliceosome are emerging as suitable targets for anti-cancer therapies ([@B52],[@B53]). Therefore, understanding the mechanisms of AS is of critical importance to develop novel therapeutic strategies for the treatment of cancer. One of the hallmarks of malignancy is the acquisition of drug resistance by cancer cells, which strongly impairs therapeutic efficacy. In this study, we have used splicing sensitive arrays to unravel the splicing signature induced upon inhibition of the oncogenic PI3K/AKT/mTOR signaling pathway in ES cells. Our experiments show that inhibition of the PI3K/AKT/mTOR axis induces extensive changes in gene expression and AS. In particular, we found that hnRNPM is specifically up-regulated in response to the treatment and activates a splicing program contributing to drug resistance (Figure [7F](#F7){ref-type="fig"}), suggesting that modulation of hnRNPM activity could represent a novel therapeutic target for ES treatment. Although our microarray analysis may have missed some transcriptome changes that could be highlighted by more unbiased analyses (i.e. RNA sequencing), it highlights the general response of ES cells to the treatment and indicates that splicing modulation likely contributes to acquired resistance of ES cells to PI3K/mTOR inhibitors.

The PI3K/AKT/mTOR axis is often deregulated in human cancers, including ES, and is considered a valuable therapeutic target for patients. However, despite great preclinical promise, targeted therapies with mTOR inhibitors have demonstrated limited clinical benefit in various cancer types ([@B54]--[@B56]). This lack of efficacy is largely attributed to acquisition of resistance through up-regulation of feedback responses to treatments. For instance, mTOR inhibition abrogated a negative feedback on IGF1R, resulting in AKT activation both in cancer cell lines and in patient tumors ([@B27],[@B57]). Thus, combination therapy ablating mTOR function and preventing AKT activation may improve the antitumor activity. Second-generation agents, like MLN0128 (Takeda) and the dual inhibitor BEZ235 (Novartis) used in the present study, display inhibitory activity on both mTORC1 and mTORC2 and avoid AKT reactivation ([@B15],[@B58],[@B59]), representing valuable alternatives for sarcoma treatment. Clinical trials with these agents are currently being carried out, alone or in combination with other agents (i.e. gemcitabine, irinotecan, cyclophosphamide, etc.; <https://clinicaltrials.gov>). Pre-clinical studies, in fact, suggest that mTOR inhibitors display synergistic or additive effect with some chemotherapeutic agents. Thus, identification of new potential targets to improve the effect of PI3K/AKT/mTOR inhibition, while preventing acquisition of resistance, could greatly help the efficacy of sarcoma therapy.

Inhibition of the PI3K/AKT/mTOR signaling by BEZ235 elicited strong cytostatic and mild apoptotic effects in ES cells. Such response was accompanied by global modulation of the transcriptome. GO analysis revealed that alternatively processed transcripts are enriched in functional categories involved in cell--cell interactions, splicing and protein metabolism. Bioinformatics analysis of introns surrounding the regulated exons allowed us to identify potential regulators of AS induced by inhibition of the PI3K/AKT/mTOR pathway. We focused on hnRNPM as it was the most upregulated splicing factor and demonstrated that it modulates a subset of BEZ235-regulated splicing events, thus uncovering a role for this RBP in ES malignancy.

HnRNPs modulate AS of pre-mRNAs and affect their fate by influencing the structure and/or by facilitating or hindering the interaction with other pre-mRNA processing factors ([@B60]). HnRNPM is an abundant protein that directly influences pre-mRNA splicing by binding GU-rich cis-elements ([@B50],[@B61]--[@B63]). Proteomic analyses of *in vitro* purified spliceosomes detected hnRNPM in the pre-spliceosomal H-complex ([@B32],[@B64],[@B65]). Here, we demonstrate that inhibition of the PI3K/AKT/mTOR pathway affects hnRNPM sub-nuclear localization, promoting its co-fractionation with spliceosomal proteins like U1C, U170K and U2AF65 and its co-immunoprecipitation with U170K (Figure [5C](#F5){ref-type="fig"}). Thus, by changing sub-nuclear compartment and interactome, hnRNPM may modulate the splicing response to PI3K/AKT/mTOR inhibition. Our results also suggest a positional effect of hnRNPM on splicing and indicate that proximity to the regulated exon is relevant for its activity. These results are in line with a CLIP-seq study that drew an RNA map of hnRNPM-mediated splicing repression, which required its binding proximal to or within exons ([@B50]). Our work now indicates that, differently from what reported for other splicing regulators ([@B44]), the presence of a distal binding site for hnRNPM is not sufficient to influence splicing outcome (Figure [6D](#F6){ref-type="fig"}), strengthening the hypothesis of position-based activity for hnRNPM-mediated splicing regulation.

The splicing reaction proceeds through three stages before splice site pairing is committed ([@B32]). In the first stage, referred to as H complex, RBPs assemble on the pre-mRNA. In the next stage, referred to as E complex, the U1 snRNP and SR proteins assemble on the splice sites and within the exons. In the third stage, referred to as A complex, the branch point is recognized by the U2 snRNP, which leads to splice site pairing and commitment to a specific splicing choice ([@B32]). Our results showing increased interaction with U170K upon inhibition of the PI3K/AKT/mTOR pathway suggest that hnRNPM might affect early stages of spliceosome assembly by influencing the U1 snRNP recruitment to the 5′ splice site.

HnRNPM was recently proposed to induce epithelial to mesenchymal transition (EMT) and maintenance of a mesenchymal phenotype in breast cancer ([@B48]). HnRNPM expression was significantly associated with gene signatures of aggressive breast cancer, it was elevated in breast cancer patient\'s specimens, and it was positively correlated with breast tumor mesenchymal status, thus indicating its contribution to breast cancer metastasis ([@B48]). Sarcomas are thought to arise from mesenchymal cells and do not have a baseline epithelial phenotype as seen in many carcinomas. This fact excludes sarcomas from the EMT-MET metastasis paradigm whereby tumor cells in carcinomas must lose their epithelial features to escape the primary tumor, but regain them to colonize the secondary site ([@B66]). ES cells maintain an intermediate phenotype with features of both epithelial and mesenchymal cells, but without activation of their complete gene program associated with either phenotype. In particular, the high level of ZEB2 in sarcomas prevents epithelial differentiation, whereas EWS-FLI-1 inhibits full mesenchymal differentiation ([@B66]). Accordingly, ES mesenchymal features become more pronounced with EWS-FLI-1 knockdown ([@B67]). Hence, although BEZ235 treatment induced hnRNPM upregulation in ES cells, this regulation was not associated with EMT (data not shown) as in breast cancer ([@B48]).

Upregulation of hnRNPM upon BEZ235 treatment correlated with splicing changes in genes involved in cellular junctions, spliceosome and p53/FoxO and MAPK signaling pathways that are enriched in hnRNPM binding sites near the regulated exons ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). Since hnRNPM knockdown abolishes most of these events (Figure [6](#F6){ref-type="fig"}), it is likely that it directly participates to their splicing regulation upon inhibition of the PI3K/AKT/mTOR pathway. Indeed, CLIP experiments indicated that hnRNPM binds in proximity of regulated exons and that this interaction is promoted by BEZ235. Interestingly, more than 80% of the splicing-regulated genes containing hnRNPM consensus motifs are also candidate targets of hnRNPK ([Supplementary Table S8](#sup1){ref-type="supplementary-material"}), which is one of the main potential regulators of the splicing response to BEZ235 from our bioinformatics analysis. Remarkably, hnRNPK co-sediments with U1 and U2AF splicing factors but its subnuclear localization was not affected by PI3K/AKT/mTOR inhibition. These results highlight an hnRNPs-orchestrated splicing response induced by inhibition of the PI3K/AKT/mTOR signaling pathway, counteracting SR proteins activity ([@B68]--[@B70]). Although other splicing factors were identified by our analyses and are likely involved in the global changes in AS elicited by inhibition of the PI3K/AKT/mTOR pathway, our findings point to a key role for hnRNPM in this process.

We found a correlation between hnRNPM expression and the resistance of ES cell lines to BEZ235 treatment; in fact, hnRNPM was significantly more expressed in the more resistant LAP35 and TC71 cell lines than in the SKNMC cells. Furthermore, high hnRNPM expression was associated to decrease in the overall survival (*P*-value = 1.17E--03) of sarcoma patients. Accordingly, downregulation of hnRNPM expression was sufficient to sensitize ES cells to BEZ235 treatment. It was recently reported that hnRNPM directly interacts with Rictor, thus cooperating with the mTORC2 complex in downstream functions through the phosphorylation of SGK1. Notably, overexpression of hnRNPM rescued the phosphorylation of SGK1 upon Rictor depletion ([@B71]). Thus, hnRNPM upregulation may allow cancer cells to escape PI3K/AKT/mTOR pathway by maintaining active the SGK1/FoxO signaling pathway. On the other hand, the activity of core spliceosomal components and accessory splicing factors is highly modulated by post-translational modifications, such as reversible phosphorylation ([@B46]). Thus, it is also possible that PI3K/AKT/mTOR inhibition partly elicits transcriptome reprogramming by modulating the activity of kinases and phosphatases involved in splicing regulation.

Collectively, our work establishes the hnRNPM--regulated splicing program as a novel molecular pathway that drives resistance to the inhibition of PI3K/AKT/mTOR signaling pathway, suggesting that it might be targeted to improve clinical response to currently used chemotherapeutic regimens in ES patients.
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